The spread of retroviruses between cells is estimated to be 2-3 orders of magnitude more efficient when cells can physically interact with each other 1, 2 . The underlying mechanism is largely unknown, but transfer is believed to occur through large-surface interfaces, called virological or infectious synapses [3] [4] [5] [6] . Here, we report the direct visualization of cell-to-cell transmission of retroviruses in living cells. Our results reveal a mechanism of virus transport from infected to non-infected cells, involving thin filopodial bridges. These filopodia originate from noninfected cells and interact, through their tips, with infected cells. A strong association of the viral envelope glycoprotein (Env) in an infected cell with the receptor molecules in a target cell generates a stable bridge. Viruses then move along the outer surface of the filopodial bridge toward the target cell. Our data suggest that retroviruses spread by exploiting an inherent ability of filopodia to transport ligands from cell to cell.
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To study the spread of retroviruses between living cells, we used the murine leukemia virus (MLV) as a model. MLV was fluorescently labelled in infected cells by expressing a CFP-fusion with the capsid protein Gag (MLV Gag-CFP), as well as an envelope protein (Env) carrying a YFPinsertion (MLV Env-YFP) 7, 8 . Infected cells were then cocultured with non-infected target cells expressing a CFP fusion with the MLV receptor mCAT1 (mCAT1-CFP) 8 . Infected cells were readily identified by the presence of retroviral particles, observed as punctae displaying both YFP and CFP fluorescence (Fig. 1A) . Receptor-expressing target cells were characterized by homogeneous CFP fluorescence at the plasma membrane. Strikingly, essentially all virus particles moving from infected to target cells migrated along thin, elongated filopodia ( Fig. 1A and see Supplementary Information, Movie 1). The particles moved unidirectionally at an average rate of 0.7 μm min -1 (n = 117) and required, on average, approximately 18 min to move from one cell to the other ( Filopodial bridges were only observed between infected and noninfected cells. They averaged 5.8 μm in length (n = 59) and were long lived ( Fig. 1D, E ; observed up to the maximum imaging time of 4 h). In contrast, normal filopodia of target cells that did not connect with an infected cell were significantly shorter (average length, 2.37 μm; n = 60) and highly dynamic, rapidly undergoing cycles of growth and retraction (Fig. 1D, E) . To visualize moving viral particles at higher resolution, cells were cocultured on a coverslip with a lettered grid, and a filopodial bridge actively transporting virus was observed using a fluorescence microscope. The sample was then fixed and the same area visualized in the scanning electron microscope. The correlated images revealed that viral particles of a size of approximately 100 nm moved on the outer surface of 75-200-nm wide filopodial bridges (Fig. 2a, b) . Hereafter, we refer to these filopodial bridges as viral cytonemes (neme meaning thread), because they share features with long-lived filopodia previously observed in the imaginal disc of Drosophila [9] [10] [11] . Cytonemes constitute stable cell-cell bridges thought to mediate the long-range transport of signalling molecules between cells.
Viral cytonemes emanate from non-infected target cells (see Supplementary Information, Movies 1 and 2). Once filopodia encountered infected cells, viral receptor and Env concentrated at contact sites, suggesting that their interaction drives cytoneme formation (Fig. 3a) . Furthermore, when neutralizing antibodies against the extracellular domain of Env were added, cytonemes fell apart (Fig. 3a) and the spreading of MLV from cell-to-cell was significantly reduced (see Supplementary Information, Fig. S1 ). Similarly, cytoneme formation was only observed when wild-type Env was expressed in virus-producing cells, but not in its absence (Fig. 3b, c ). An Env mutant, carrying a point mutant in the receptor-binding domain that interferes with receptor binding (S84I) 12 , was impaired in its ability to establish viral cytonemes with receptor-expressing cells (Fig. 3d) . In contrast, an Env point mutant capable of binding receptor, but blocked at a post-binding step (ΔH8) 13 , was capable of cytoneme formation (Fig. 3e) . These results indicate that cytonemes are anchored by an interaction between Env and its receptor. In fact, Env expression alone, in the absence of other viral components, was sufficient to trigger cytoneme formation with receptor-expressing cells (Fig. 3f) .
The increased length of the viral cytonemes was the result of pulling forces exerted by the infected cell. On initial contact, filopodia lengthened toward the centre of an infected cell ( Fig. 4a and see Supplementary Information, Movie 3). Filopodia extension was accompanied by a net flow of membrane towards the infected cell, as visualized by the movement of fluorescent receptor molecules ( Fig. 4b and see Supplementary Information, Movie 4) . At the tip of the cytoneme, membrane fragments were frequently torn and released, followed by what seemed to be endocytosis into the infected cell. In addition, the tips of cytonemes colocalized at the infected cell surface with endocytic markers, such as dynamin 2, caveolin-1 and cholera toxin B-subunit, (Fig. 4c-e) . Endocytosis of filopodia was also observed by transmission electron microscopy, which allowed visualization of numerous examples of filopodia tips invaginated into a neighbouring cell (Fig. 4f) .
Virus particles need to bud from an infected cell before moving along the cytonemes -when virus budding was blocked by expression of a mutant Gag protein, virus transmission through cytonemes could be initiated, but was then stalled (see Supplementary Information, Movie 5). Remarkably, once associated with a cytoneme, infectious virus particles were able to move in the opposite direction of cytoneme extension ( Fig. 5a and see Supplementary Information, Movie 6). Moving virus particles were generally accompanied by dots of fluorescent receptor, presumably representing receptor oligomerization in response to virus binding (Fig. 5b) . Our previously published work studying virus entry explains why oligomerized receptor, together with a bound virus particle, moves towards the cell body of a non-infected cell -the receptor establishes a cytoplasmic link with the underlying actin cytoskeleton and engages its retrograde flow 8 . As expected from this mechanism, the virus particles moved less rapidly when they reached the lamellum at the base of a filopodium (Fig. 1C) , where actin flow is slower 14 . Furthermore, in coculture assays, reagents known to interfere with the actin-myosin machinery inhibited viral spread from infected to uninfected cells (see Supplementary Information, Fig. S1 ). The role of actin in cell-to-cell transmission is likely to be distinct from the moderate role of actin during virus budding, as well as virus entry (see Supplementary Information, Fig. S1 ) 8, 15 . The observed mechanism of virus spreading through cytonemes seems to be quite general. It was observed with different types of donor and recipient cells (Cos-1, XC or HEK 293 cells for virus production, and XC, DFJ8 or HEK 293 cells as targets). In each case, target-cell filopodia were observed stably anchored to the cell body of an infected cell. In addition, cytoneme formation did not require overexpression of either receptor or Env. Virus particles were detected trafficking unidirectionally towards XC cells expressing endogenous levels of unlabelled mCAT1 (Fig. 5c ) and cytonemes formed anchorages to chronically infected cells in the absence of additional CMVdriven plasmids encoding Env (Fig. 5d and see Supplementary Information, Movie 2). Furthermore, the induction of cytonemes was observed for additional retroviruses. For example, the human immunodeficiency virus-1 (HIV-1) was transported along cytonemes formed between infected cells and target cells expressing the receptor-coreceptor pair, CD4 and CXCR4 (Fig. 5e and see Supplementary Information, Movie 7) . Likewise, MLV capsids carrying the subgroup A glycoprotein (EnvA) of the avian leukosis virus (ALV) travelled along the cytonemes formed between infected cells and target cells expressing the ALV receptor Tva 16, 17 ( Fig. 5f and data not shown). In the latter case, a transmission electron micrograph was captured (see Supplementary Information, Fig. S2 ) that showed virus particles at a cytonemal contact site (blue arrow), with one particle budding at the side of the infected cell (green arrow), several particles bound to the surface of filopodia -potentially en route from the virus-producing cell toward the target cell (black arrows) -and multiple particles in the process of internalization at the base of filopodia (red arrows). Our ability to directly visualize the spread of retroviruses in living cells has revealed an unexpected mechanism of cell-to-cell transmission, which involves the transport of virus particles along filopodial bridges. These viral cytonemes originate from non-infected cells, are stabilized by Env-receptor interactions, and allow budded virus particles to use actin-based retrograde flow of the receptors to travel towards the noninfected cell. Repeated cycles of cytonemal transmission may contribute to the efficiency of virus spreading throughout a cell population (see Supplementary Information, Movie 8) .
Virus transmission along cytonemes seems to be morphologically distinct from the reported HIV and HTLV transmission through the synaptic interfaces of primary immune cells [3] [4] [5] [6] . The manner in which both modes of transmission relate to each other, and how viruses are transmitted in vivo, is unknown. Specific viruses and cell types may prefer one mode of transmission to the other: for example, viruses that preferentially infect antigen-presenting cells (APCs) may favour transmission through synaptic interactions. APCs (such as dendritic cells, macrophages and B-cells) form immunological synapses with Tcells, which can be exploited by viruses for cell-to-cell transmission 4 . Interestingly, a number of APCs, previously believed to be only associated with synaptic virus transmission events, have also been observed to form long filopodial bridges [18] [19] [20] . Thus, APCs may support both modes of cell-cell communication. Filopodial contacts may eventually mature into synapses, as observed during neurosynaptogenesis 21, 22 , or exist in parallel. As such, cytonemes may represent a general alternative mechanism of cell-cell communication that could be exploited by retroviruses for the purpose of viral spread.
METHODS
Reagents and cell lines. Polyclonal anti-MLV Env antiserum was obtained from Quality Biotech (Camden, NJ). Cytochalasin D, myosin light chain inhibitor ML-9, latrunculin B, nocodazole and sodium azide were purchased from Sigma-Aldrich (St Louis, MO). Cholera Toxin subunit B conjugated to Alexa Fluor 555 was obtained from Invitrogen (Carlsbad, CA). Transfection using FuGene 6 (Roche, Basel, Switzerland) of 293 cells or Cos-1 cells for the generation of fluorescently labelled wild-type or mutant MLV was as previously described 7 . Plasmids encoding the ALV subgroup A glycoprotein, Tva-YFP and palmitylated YFP were as previously described 8, 23 . Plasmids encoding dynamin 2-GFP 24 and caveolin-1-GFP 25 were gifts from P. De Camilli (Yale University, New Haven, CT) and A. Helenius (ETH Zurich, Switzerland), respectively. Rat XC sarcoma cells 26 chronically infected with replication-competent Moloney MLV were transduced with lentiviruses encoding MLV Gag-CFP using the HELIX transduction system (a gift from G. Nolan, Stanford University, Palo Alto, CA). Cos-1 cells producing HIV were generated by transient transfection using plasmids encoding HIV GagPol (a gift from G. Nolan), HIV Env (a gift from H. Gottlinger, University of Massachusetts, Worcester, MA) and HIV Gag-CFP 7 . Plasmids encoding CD4-YFP and CXCR4 were a gift from T. Hope (Northwestern University, Chicago, IL). Plasmids encoding mutant Friend MLV Env (S84I, ΔH8) were a gift from J. Cunningham (Harvard Medical School, Boston, MA) 12, 13 . Rat XC sarcoma cells stably expressing mCAT1-YFP and CFP 7 were generated by selection using 1 mg ml -1 G418 (Invitrogen cells were cultured in high-glucose DMEM (Invitrogen) containing 10% FBS plus pen-strep-glutamine. XC cells were grown in MEM (Invitrogen) with 10% FBS plus pen-strep-glutamine.
Imaging. Transfection and live-cell imaging was as previously described 7, 8 using the 60× oil objective (NA 1.4) of a Nikon TE2000 inverted wide-field microscope or the 100× oil objective (NA 1.4) of an LSM 510 confocal microscope equipped with a Zeiss Axiovert 100M base. For coculture movies, receptor-expressing target cells were plated on 35-mm imaging dishes (MatTek, Ashland, MA) overnight at low (10-30%) confluency before adding cells generating fluorescently labelled infectious virus. Imaging was carried out 2-6 h after coculture. For time-lapse movies, CFP and YFP channels were imaged every 10-60 s. In most cases, receptor fluorescence was pseudo-coloured red, with viral or cellular markers presented in green or blue. All time-lapse movies were edited using Openlab software (Improvision, Lexington, MA) and saved for presentation in Quicktime format using Sorensen 3 compression. Single-particle tracking was performed using Openlab and Volocity software (Improvision, Lexington, MA). Relative position and velocity were calculated for each particle based on movement to or from the cell body, defined by the inner edge of the lamellum. For correlative fluorescence and scanning electron microscopy, cells were cocultured on MatTek dishes (MatTek, Ashland, MA) carrying an etched grid for cell re-identification. Immediately after live imaging, cells were fixed in 4% PFA, washed three times with PBS and then returned to the wide-field fluorescence microscope. Serial sections (0.4 μm) were acquired for deconvolution using Volocity software (Improvision, Lexington, MA). Samples were then processed for scanning electron microscopy as previously described 8 . The grid was used to re-identify regions of interest. Thin-section electron microscopy was as previously described 8 . Viral transmission assay. HEK 293 cells generating infectious MLV encoding GFP were generated as previously described (pLZRS-GFP; I. Mellman, Yale University, New Haven) 7, 16 . XC target cells were plated on 24-well dishes and grown overnight to achieve a confluency of 50%. Antibodies, DMSO or reagents that disrupt the cytoskeleton were added to virus-producing cells and target cells 1 h before the beginning of coculture. Virus-producing cells were added to target cells at a ratio of 1:2, resulting in a final confluency of 75%. Following a 3-4 h incubation, cells were trypsinized to disrupt cell-cell contacts and replated at a 1-5% confluency (a dilution of approximately 25-fold) to prevent further contacts. Cells were harvested for FACS analysis at 24 h and scored for the relative number of GFP-positive cells. To establish a baseline for any virus transmission occurring because of viruses that were released into the culture supernatant, equivalent numbers of target and producer cells were plated separately for 3-4 h and then replated together at 1-5% confluency on 6-well plates. Budding assays to gauge the release of infectious MLV from 293 cells were performed, as previously described 7, 16 , by generating MLV particles carrying a viral genome for the expression of GFP. At 48 h posttransfection, cells were washed five times in PBS and then incubated in the indicated drugs for 6 h. Viral supernatants were then collected, filtered and diluted for titration on XC target cells. At 2 h post-infection, target cells were washed five times in PBS and incubated in fresh media for 48 h before scoring for infection by FACS detection of GFP expression. To gauge viral entry, equivalent amounts of GFP-encoding virus was added to XC cells in the presence of the indicated drugs for 4 h before washing and FACS detection, as described above.
Note: Supplementary Information is available on the Nature Cell Biology website.
